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ABSTRACT: Knowledge of ice thickness is critical to the emplacement
of certain mines. Growth of sea ice in Arctic areas is related to various
meteorological and oceanographic parameters. Kolesnikov's equation indi-
cates that the most important factors are the equivalent air temperature,
snow thickness and density, {nitial ice thickness, and wind speed under 10
knots. For lack of these data during periods of national crisis, this _
equation is best suited to preparation of atiases of average and extreme |

jce thickness from historical data. Application of Zubov's equation to daily ;
observed or forecasted temperature data may provide an adequate estimate
of day-to-day & |

ea ice thickness for use in mine laying operations. Both
methods require

knowledge of the date of initial formation of ice and —
since that date is usually not available, an empirical method of determin- )

ing this event utilizing only average daily temperatures should be used.
elsevhere and drifted !

In addition, since ice in a target area may have formed

into the area, it
method of its estimatiom.

During the disintegration phase, ice thickness .

reduces very rapidly gnd an empirical method must be employed to determine | A
the effect of warming on the ice sheet. Several of these methods are -
presently being used for fleet support. -
i

e e

1. INTRODUCTION

Considersble mention has been made today of weapons delivered from
the air into the water environment. Let us consider the potential
impediment to that delivery by sea ice. When sea ice attaine a particular
thickness, and is preszat in sufficient quantity in Arctic or sub-Arctic
ports, emplacement of some types of mines becomes impossible. It is there-
fore necessary to heve a means of predicting these eritical ice parameters.
This paper discusses two methods of predicting when a certain ice thickness
and amount of surface coverage (concentration) will occur.

(a) The first of these methods being developed for naval commands

end Fleet units is an atlas of ice conditions derived from environmental g geten
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_factors related to ice formation and growthj the second is & forecast of ice

shickness based on real-time observation snd prediction of these environ=

mental factors.

() An atlas of detailed ice conditions based on historical ob=
servations might be attempted. It would contain data on the earliest, aver-
age, and latest dates of initial ice formation, as well as periodic charts
containing isolines of the average and extreme thicknesses of sea ice. Bu
an atlas would require a considerable amount of observed ice data. Since
freezeup and ice thickness data are not available to the extent needed, ice
conditions im various strategic locations must be estimated by one of the
twd methods mentioued above. .

(¢) Sea ice in a particular location, however, may have drifted
{nto the arca in response to wind and water currents and have a thickness
different from the surrounding ice. This causes a problem in that locally
formed, ice may be thin enough to permit emplantment of mines, but the ad-
vected ice may be too thick for mine penetration. Ice drift will be dis-
cussed later in this paper. The following discussion deals with the growth
of ice which forms locally and remains in place. :

COMPUTING GROWTH OF LOCALLY  FORMED ICE.FOR ATLAS PRESENTATION

2. (U) Kolesnikov (1) derived an lqﬁation for che growth of sea ice

~which involves many meteorological and oceanographic variables. Callaway

(2) analyzed these varisbles and concluded that snow thickness and density,
equivalent air temperature, initial ice thickness, and wind speed under 10
knots were the most important factors. By using observed data for the
critical variables,and assuming reasonable values for smow density and for
some less critical meteorological variables that were not available,
Callaway found clese agreement between computed and observed ice growth

at a number of widely separated Arctic locations. At one location, Archengel,
computed and observed ice growth averaged over a 12-year period for three
different ranges of snow depth and initial ice thickness also showed close
agreement. Therefore, it seems reasonable to conclude that average and
extreme values of significant _cnvimmul factors in the Arctic may be

used to compute average and extreme ice growth. ;

(a) For the practical calediatim of ice growth with the degree
of'accuracy required for atlas presentations, Kolesnikov's equatiocn may
be reduced to: : :

. _ R
: : -(IIM!)
(em)? + [12.24 + rjﬁm + 28,080 = 10.8 121 1-.005(1, 9+84) .
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vheret OH = increase in ice thickness (em)
d = snow depth (em) e .
Vo = wind speed (m/sec)
Hy = initial ice thickness (em) :
D = days over wiichall is caleulated
64 = equivalent air temperature (*c)

assuning! snow demsity = 0.33 g/cad
ice salinity = 3.2 %/o0
ce density = 0.916 g/ca®
sea water salinity = 35 %/oo
sea water density = 1.028 g/cm®
freczing temperature = -1.9°C
specific heat of sea ice = 0.70 callg
specific heat of sea water = 0.94 call/g

(b) Synoptic observations of air temperature end wind speed have
been taken regularly for many years at stations in the Arctic and sub-Arctic.
These data have been used to derive isopleth charts of mean monthly condi-
tions; therefore, interpolations of mean temperature and wind cen be made
for any point for input to equation (1). Interpolations from maximum and
minimum monthly mean air temperature and wind speed charts can be used as
a partial input to equation (1) for estimating the extreme profiles of ice
growth at any point. The extreme totals of frost degree days accumulated

. during any ice growth season could be used as input for computatiou of the

probable observed extremes of ice growth.

(c) Snow depth probably is the most difficult factor to measure
in computing growth of sea ice. Fluctuating depths in time and space caused
by variable winds and local topography often cause mesasurements taken at a
location to be nonrepresentative of the overall accumulation. In particulsr,
the vast majority of snow depth data are taken at land atations, and these
observations may differ significan:ly from the snow depth on sea ice which
is the required input to equation (1). Because of the relatively large de-
pendence of ice growth on snow depth, atypical depth observaticns probably
are the largest source of error in computing growth of sea ice.

(1) In order to develop insight concerning snow depths for
input to equation (1) it is necessary to examine snow accumulations which
have been found by several investigators to be representative.

(2) Bilello (3) found that a 7-yesr average seasonal snow
depth in the Canadian Arctic generally increased linearly to 10 cm between
5 September and 15 November with an additional linear increase of 10 cm from
15 November to 30 April. Maykut and Untersteiner (4) assumed a linear
accumulation over the central Arctic of 30 cm between 20 August and 30
October, a linear increase of 5 cm from 1 November to 30 Aprii, and an addi-
tional 5 cm during May. This snow accretion is twice that found by Silello
and may be ascribed to the difference in location.

(3) Long-term atlas data generally support the larger depths
used by Maykut and Untersteiner over much of the Axctic, if a single model
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of snow accretion were to be used for input to equation (1). However, small
total accumulations (<10 cm) shown by atlas data along a considerable pert

of the northern Soviet coast {ndicate that snow over the Arctic may not accu-
nulate uniformly enocugh for a single depth model to be assumed. Nonuniformity
of snow accretion indicates that average and extreme seasonal growth profiles
ghould be computed for emall sactors. Values of snow depth, maan and extreme
temperatures, and wind data may be entered into equation (1) to derive the
distributions oi average and extreme sea lce growth for atlas presentation.

COMPUTING REAL-TIME GROWTH OF LOCALLY FORMED ICE

COMPUTING Kb AL s e ———————

_3~ {U) Atlas presentations are valuable as a planning tool; however,
. atlases are not usually sufficient for tactical operations. A recal-time fore-
il cast is necessary to determine ice conditiocns for such operations. Numerous
g cquations have been developed for predicting ice thickness. Somc of these
2 can be used ro relate ice thickness only to the accumulation of frost degree

4 days. Although more detailed equations and techniques have been formulated,
3 e.g., o2 and Simpson (5) and the method described above, the additional
Soe environmental factors required are neither observed nor reported dally.

o Even if they were observed daily, transmission of these data probably would
e be rubject to communication restriction or total blackout during periods of

b national crisis. Therefore, empirically derived equations for specific loca-
tions relating ice growth to frost degree day accumulations are a valuable
means for estimating ice growth, assuming some means of at least cstimating
temperatures. We will nov consider equations dependent only on frost degree
day accumulations.

=t - |

(a) By d2finitiom, a frost degree day is a deficit of one degree

: below the freezing temperature of the water for onc day. If on one particular
“ day the mean temperature is 4 degrees below freezing, then & frost degree
5 days are collected for that day and these are added to the accumulated total
Sl (figure 1). One difficulty in collecting frost degree days is to determine

¢ . the point when the accumulation is to begin. Temperatures usually fluctuate
above and below freezing for several days prior to remaining below freezing
(figure 2). It is usually on the day when temperatures remain below freezing
that the frost degree day collection begins. Most methods require the cnllec-
tion to begin when ice first forms, but since the time of that event is not
usually known, the date after which temperatures remain below freczing often
is used. A method for forecasting initial freezeup is discusded below.

(b) For stations at which a great deal of temperature data are
available, maximum and minimum running totals of frost degree days, as well
as normal accumulations, can be calculated as shown in figure 3 from
Kniskern and Potoesky (6). For ports where abundant air temperaturcs and
ice information are available, it is possible to formulate theorctical curves
relating degree day accumulations with ice thickness. When historical ice
data are sparse an equation developed by Zubov (7) can be used. This equa-
tion in slightly wodified form u8:

; - | e
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3 .
u_1=-o-'.knuj-v|;Eln1 . (2)
i=

where: H4 = ice thickness (cm) on day J
D; = degree day accumulation (°C) on day 1

By converting to degrees Fahrenheit and inches and solving for Hy

/ o 3
,\/817.96 +5.808 5 Dy

L S (3)

Hy 7.904

(¢) This equation can be used with daily temperature data to com-
pute near real-time ice thickness,and with long-range temperature forecasts
to predict ice thicknass. ;

ICE DRIFT

4. (U), We previously mentioned a problem of ice of different thick-
ness drifting into an area of known or calculated ice thickness. Sea ice
dynamics, notably lce drift, is one of the most intensively studied areus
of environmental effects on sea ice. From Nansen's historic studies on the
drift of the FRAM to the present massive AIDJEX (Arctic Ice Dynamics Joint
Experiment) project, there has been considerable interest in ice motions.

(a) Five basic forces result in translational ice motion. The
equation of stationary equilibrium is:

Ba+ By +Q+P+R=0 ' T4

where: F frictional stress of air

frictional stress of water

Coriolis force

force resulting from horizontal pressure gradient in the sea
R = force resulting from interaction with surrounding ice flces

=
| I I

£
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Most early studies considered only the first three terms of this equatiocn.
The fourth and fifth terms have been considered only recently. Doronin (8)
published a paper which, in addition to the above, considered redistribution
of ice or changing concentration. He also gave a method for calculating

{ce drift and changes in concentration using available meteorological para-
meters. We are now evaluating the method for potential implementation.

(b) The method presently used for determining ice drift is vec-
torial addition of wind and current arift. The wind drift vector is obtained
from table 1 and figure 4. Magnitude of this vector is found from table 1
which gives the 24-hour drift as a percentage of surface wind speed for
various ice concentrations and roughness factors. For example, sea ice
of 4 oktas concentration and 5 tenths ridging and hummocking will drift,
in 24 hours, a distance equ-l to 702 of the average speed during the 24-heur
period; that is, 7 NM with a 10-knot wind, 14 NM with a 20-knot wind, etc.
This table, presented by Zubov (7), was modified for concentration in oktas
(eighths) and for 24-hour drift. The direction of drift is determined from
a graph based on the work of Skuleikin. (9), figure 4, in which the drift of
ice to the right (Northern Hemisphere) of the surfaze wind direction (devia-
tion angle) is given as a function of surface wind speed and ice thickness.
For example, sea ice 4 feet thick will drift 35° to the right of a 10-knot
surface wind, 24° to the right of a 30-knot surface wind, etec. Current
drift is obtained from atlases, such as reference (10). Using this tech-
nique for a 24- to 48-hour pericd, during which little ice disintegration is
assumed, reascnable escimates of the total ice drift can be prepared manually.

(¢) These values of drift, over a grid, can be used to calculate
convergence and divergence and resulting changes in ice concentratiom. Re-
striction to the free movement of ice due to coastlines or fast ice would
have to be considered. i

ICE DISINTEGRATION

5. (U) Changes in concentration as well as changes in ice thickness
can be caused by ice disintegratiom. Although most models of seasonal
change in the sea ice canopy indicate a period of decreased ice thickness,
few attempts have been made to empirically relate the rate at which sea ice
thickness decreases to environmental factors. Theoretical equations similar
to those availatle for sea ice growth are lacking, owing to the many physical

- and mechanical processes involved in the decay process.

(a) However, two important facts are well known. First, an accu-

- mulation of warming degree days equal to approximately 10 percent of the

accumulated frost degree days needed to grow the ice is required to completely
disintegrate this ice using the same base temperature. Secondly, mechanical
weakening of the ice cover proceeds rapidly.

(b) Based on limited data, Assur (11) found that ice thickness
diminishes according to the relation:

e
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My = Myy + 2(TL-Mi-1) ' (8)

where: 2 = the weighting factor
M{ = a recursion wariable with Mg the average temperature of A
base month
{=1,2,3,... vhere 1 is the first day after the base month
T4 = daily temperatures for the ith day after the base month

(b) In order to determine Z, several years of air temperatures
and corresponding freezeup dates must be available for each station. A
value of Z is determined for the years when data are available and an
sverage is then used for each station. The values of Z are determined by
an iterative procedure. A crensformation of equation 8 is used to deter-

mine an initial value of Z from the Listorical data as follows:

Tg-MO
2 = N %
1¢)
Y, (t1-%0)
i=1
where: Tf = local freezing temperature of water
N =.the value i achieved to produce initial ice
and other yariablu are as for equation 8.
This initial valae of Z is then aprlied to equation 8 recursively until
i=N, thus determining Mx. 1f at this point My ¥ Tg, Z4 is adjusted by
the equation: .
Zyyy = K25(TeH0) ' (10)

where the coastant k must be chosen small enough so that the process con-

verges but large enough to avoid excess computar time. A value of 0.01
has been used successfully.

(1) The new value of Z is then applied to a slight podifi-
cation of equation 8 which becomes:

My = Mgy + 24 (Ti-¥i-1) (1)

» i b S S S e
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and the process is repeated until
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where the constant C is chosen
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where 2 is the weighting facter of equation
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ness estimales and ice growt forecasts, as well as for the »u aration
of ice formatiou for atlas presentation. The [easibllity £-r g, rating
fce drift and concentration change computations for inzlusion in *nis
system is being evoluated. This would permit estimates of changee of
concentrations due to ice drifting into and out of an area, as well

as estimates o” ice thickness.

(e) Products resulting from this automated system are designed
to aid the environmental forecaster in providing improved assistance to
! operating Fleet units. Information contaired in atlas presentations Is
‘ designed to aid in the planning stages of Fleet operations.
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